Background: Molecular markers identifying alterations in proliferation and apoptotic pathways could be particularly important in characterizing high-risk normal or pre-neoplastic tissue. We evaluated the following markers: Ki67, Minichromosome Maintenance Protein-2 (Mcm-2), activated caspase-3 (a-casp3) and Bcl-2 to determine if they showed differential expression across progressive degrees of intraepithelial neoplasia and cancer in the prostate. To identify field effects, we also evaluated whether high-risk expression patterns in normal tissue were more common in prostates containing cancer compared to those without cancer (supernormal), and in histologically normal glands adjacent to a cancer focus as opposed to equivalent glands that were more distant.
Background
Disturbances of proliferation and apoptosis are fundamental events in early carcinogenesis, and may be useful in characterizing tissue that is histologically normal but at high-risk for neoplastic growth. Field effect -referring to genetically altered but phenotypically normal-looking cells in the vicinity of a cancer focus [1] [2] [3] -has been studied fairly extensively in sites such as the oral cavity and lung. [4, 5] Field effects have not been well characterized as yet in the prostate, although identification of these events could play an especially profound role in chemoprevention research and clinical practice. Due to the validity limitations of PSA testing and the lack of imaging tools which make blind biopsies necessary, benign prostatic tissue is sampled very commonly. In the U.S., approximately 1.5 million prostate biopsies are performed annually, and the great majority are negative for cancer. [6] All biopsies are likely to contain normal-appearing epithelium that could potentially harbor changes characteristic of high-risk changes at the genetic, protein, cytomorphological level. Therefore, biomarkers identifying high-risk non-cancer tissue could be very useful as intermediate endpoints in chemoprevention studies, and as tools for classifying patients with negative biopsies according to their need for close follow-up.
In this study, we analyzed the expression of the proliferation markers Ki67 and Mcm-2, the apoptotic marker acasp3 and the anti-apoptotic marker Bcl-2. First, we evaluated whether these markers showed differential expression across progressive degrees of intraepithelial neoplasia and cancer. Because proliferation occurs predominantly in the basal layer, and apoptosis in the luminal layer of the normal prostatic epithelium, we determined whether early dysplastic progression was associated with a detectable shift towards proliferation and suppressed apoptosis in the luminal compartment. In order to address field effects in prostatic carcinogenesis, we first determined whether normal tissue from prostates that harbored a focus of cancer had different proliferative and apoptotic characteristics than normal tissue from prostates that did not contain cancer (designated as "supernormal"). Finally, we analyzed normal and HGPIN glands adjoining a focus of cancer to determine if cells within these epithelial structures showed high-risk expression patterns when compared to similar cells that are distant from a cancer focus.
Methods

Subjects and specimens
Thirteen RP specimens containing prostate cancer and six CP samples not containing prostate cancer were retrieved from Northwestern Memorial Hospital's pathology repository after appropriate Institutional Review Board approval. The radical prostatectomy specimens were procured from prostate cancer cases with Gleason scores ranging from five to nine. The most representative block(s) containing compartments of normal, LGPIN, HGPIN, and cancer were selected for further analysis. Although a diagnosis of LGPIN is not used in clinical reports, established criteria for identifying acinar structures with LGPIN can be used in research studies. LGPIN lesions were defined based on the following nuclear features: variation in nuclear size, nucleomegaly, normal or slightly increased chromatin content, and small or inconspicuous nucleoli. [7, 8] HGPIN lesions had large nuclei with very prominent nucleoli. Both LGPIN and HGPIN lesions had either an intact or an attenuated basal cell layer. Cancerous areas were further subcategorized into three compartments: low-grade cancer (LGCA), intermediate grade cancer (IGCA) and high grade cancer (HGCA) based on Gleason grades 1-2, 3 and 4-5 respectively. Tissue representing all six compartments was mapped out on hematoxylin and eosin (H&E) stained slides using marker pens. In addition, normal areas were mapped for six cystoprostatectomy specimens obtained from patients undergoing treatment for bladder cancer. Prostates from cystoprostatectomy specimens were examined grossly for suspicious areas, which if present, were submitted for histopathologic examination. Otherwise, a minimum of four random sections were taken. All sections were studied in detail by a pathologist (MRP) to rule out the presence of cancer in the prostate.
Immunohistochemistry
Five unstained sections were cut from each sample. The first section was stained by H&E and subsequent sections were immunostained for Ki67 (Dako, 1:200), Mcm-2 (Novocastra, 1:40), a-casp3 (Cell Signaling, 1:400), and Bcl-2 (Dako, 1:200) using a Dako autostainer. For all the antibodies, antigen retrieval was carried out in a steamer using Target Retrieval Solution (S1699, Dako, Carpinteria, CA). After treating with the appropriate antibody, sections were incubated with a ready-to-use anti-mouse secondary antibody from Dako (EnVision Plus ® ) and color reaction was developed using diaminobenzidine (DAB) as the chromagen. The slides were then counterstained with hematoxylin. Suitable positive and negative controls were run in tandem.
Scoring and statistical analysis Progressive compartments comparison
Areas corresponding to the marked regions on the H&E slides were mapped onto the immunostained slides. Ki67 and Mcm-2 immunostained slides were mounted with photo-etched cover slips (Bellco Glass Inc.). These cover slips have 520 alphanumeric squares (grids) etched on them, each measuring 0.6 × 0.6 mm. At the outset, the grid locations for supernormal, normal, LGPIN, HGPIN, LGCA, IGCA, and HGCA were recorded. For supernormal, normal, HGPIN, and cancer compartments, grids were presented in a random order in a Microsoft Access ® database for scoring. Strongly positive basal and luminal cells were evaluated separately for all compartments except cancer. A mean of 2,642 (range: 132-3,929) nuclei per slide was counted for these compartments. All LGPIN areas were evaluated. For a-casp3 and Bcl-2, only the luminal compartment was scored, as scoring basal cell cytoplasmic staining intensity is presumed to be too unreliable. Both intensity of immunostaining and percentage of immunopositive area were recorded at 40 × magnification. Intensity was recorded on an ordinal scale of 0-3, wherein 0 indicated absent staining, while 3 indicated intense staining. For each 40 × field, the percent of area positive for scores 0-3 was recorded. The sum of the product of percent positive area and intensity gave the final score for the 40 × field. For a-casp3 and Bcl-2, a mean of 15 (1-33) 40 × fields was scored. Table 1 gives information about the minimum number of nuclei/40 × fields evaluated for each marker across the RP and CP samples.
"Near" and "far" comparison
In order to compare normal and HGPIN glands near a focus of cancer versus those farther away, all tumor foci were initially mapped onto the H&E slide using colored marking pens. Different colors were used to mark out normal and HGPIN areas that were 1 mm, 5 mm and 10 mm away from tumor. Glands that were in close proximity and within 1 mm distance of the tumor were considered to be "near" and glands that were at least 5 mm distance away were considered to be "far". Glands at least 10 mm away from tumor were preferentially evaluated whenever available. These maps were subsequently traced out on the corresponding immunostained slides. For Ki67 and Mcm-2, a mean of 941 nuclei (maximum of 1264) per slide were randomly sampled from near and far, normal and HGPIN areas. For a-casp3 and Bcl-2, all "near" 40 × fields and at least ten "far" 40 × fields were scored. Glands were scored as described above.
Data analysis
Progressive compartment comparison, as well as "near" and "far" comparison was done by computing means with 95% confidence intervals and t statistics. All statistical analyses were performed using SAS ® version 9.1(Cary, NC). Pearson and Spearman correlation coefficients were used to examine correlations between Ki67 and Mcm-2. There is a strong shift in proliferation from basal to luminal cell compartments in both markers. C and D show a-casp3 and Bcl-2 scores with 95% confidence intervals. Only the luminal compartment was scored for these 2 markers. For a-casp3 a sharp significant drop in expression was seen in HGPIN and cancer compartments. No differential trend was observed for Bcl-2. Supernormal glands showed significantly higher luminal Mcm-2 indices and higher a-casp-3 activity than normal glands suggestive of a field effect.
lation for the luminal and basal cell sub-compartments were also significant (Spearman R = 0.69, p < 0.0001 and Spearman R = 0.42, p = 0.011, respectively).
Activated caspase-3 and Bcl-2
As expected, a-casp3 demonstrated uniform and homogenous cytoplasmic staining ( Fig. 1) in the luminal cells of the normal glands. [11] A significant decrease in a-casp3 expression was noted in HGPIN and cancer glands when compared to normal glands ( Fig. 2 : panel C).
LGPIN did not show any significant difference in expression from normal or supernormal glands. Within the cancer compartment there was no specific pattern associated with grade. Virtually all the non-cancerous glands showed consistent Bcl-2 staining in the basal cell sub-compartment. Luminal cell staining for Bcl-2 was sparse with extremely low numerical values on a 0-3 scale across all compartments.
Evidence for field effects in prostatic carcinogenesis
Field effects by "near-far" comparison Proliferative activity as measured by Mcm-2 expression was significantly higher in normal glands near cancer than ones that were more distant. This was reflected by significantly higher luminal and total Mcm-2 indices as well as higher luminal to basal ratios (see Table 2 ). However, Ki67 did not show a significant difference between "near" and "far" glands for the normal compartment. With regards to apoptosis-related markers, normal "near" glands demonstrated a higher a-casp3 activity than "far" normal glands. No "near-far" difference for Bcl-2 expression was noted. "Near" HGPIN glands showed a high-risk profile in terms of both proliferation and apoptotic markers. Specifically, HGPIN foci near cancer had higher Ki67 and Mcm-2 luminal and total indices, higher luminal to basal ratios, significantly lower a-casp3, and higher Bcl-2 expression when compared to HGPIN glands that were distant (see Table 2 ).
Field effects: normal versus supernormal gland comparison
Normal glands from prostates without foci of cancer had significantly lower Mcm-2 indices when compared to normal glands from prostates containing foci of cancer (see Fig. 2B ). Also, the luminal to basal cell ratios for Ki67 and Mcm-2 were significantly lower in the supernormal glands (Fig. 3) . Mean a-casp3 expression in the normal glands (1.56, 95% CI: 1.45, 1.67) was significantly lower than supernormal glands (1.84, 95% CI: 1.71, 1.98), consistent with a field effect involving lower apoptosis in high-risk tissue. Staining for the anti-apoptotic marker Bcl-2 in the luminal compartment was actually higher in supernormal compared to normal tissue (Fig. 2D) . Foci of HGPIN from cystoprostatectomy specimens did not show any difference in the biomarker expression profile compared to HGPIN foci obtained from radical prostatectomy samples (data not shown).
Discussion
In this study, both proliferation markers showed a progressive increase in positivity from histologically normal prostatic glands to HGPIN to cancer. In addition, a strong shift from basal to luminal epithelial layer proliferation was apparent early in the progression to neoplasia. In terms of field effects, we found that normal glands and HGPIN glands located near foci of cancer had increased proliferative activity, as indicated by higher Mcm-2 indices, when compared to equivalent glands that were distant. Further supporting the concept of field effects in the prostate, we found that normal glands from prostates free of cancer (i.e., supernormal) had lower proliferation activity when compared to normal glands from prostates that harbored cancerous foci. The luminal to basal cell ratio for Ki67 and Mcm-2 was significantly lower in the supernormal glands compared to the normal glands, consistent with the hypothesis that alteration in the luminal to basal cell proliferation ratio is an important early event in prostatic carcinogenesis. In fact, luminal to basal ratio, using either Ki67 or Mcm-2, was the strongest discriminator between supernormal and normal glands. Our results for the apoptosis markers were mixed. Expression of activated caspase 3 decreased with progression and was higher in supernormal tissue; however, in prostates containing cancer, a-casp3 activity appeared to be higher in normal areas near tumor foci. [10] Transition from basal to luminal proliferation with progression was also more evident with Mcm-2 than with Ki67. In contrast to Ki67, which has an undefined role in the cell cycle, [20] Mcm-2 plays a central role in chromatin replication [21] , and has a longer halflife in replicating cells. Therefore, Mcm-2 could be more suitable for evaluation of normal tissue with low rates of proliferation, or in biopsy or cytology samples where tissue material is relatively sparse. A low proliferative index, such as one observes for Ki67 in normal prostate, requires counting a large number of cells in order to achieve acceptable statistical precision.
Another proliferation marker known to be differentially expressed in normal, HGPIN and cancer, [22, 23] is proliferating nuclear cell antigen (PCNA). Antibodies against PCNA work only on paraffin-embedded tissues, [17] and detect cells undergoing DNA repair, [24] in addition to proliferating cells. Mcm proteins, on the other hand, are more specific markers for proliferation and are able to detect proliferating cells in both frozen and paraffin tissues.
Apoptotic stimuli activate initiator proteases such as caspase 8 and 9; these in turn activate executioner caspases, including caspase 3, which is the final link in the apoptotic signal cascade. [25, 26] Although our data provide some support for activated caspase 3 as a marker of apoptotic activity in pre-cancerous tissue, the results were not entirely consistent because expression was actually higher in normal areas adjacent to cancer foci. Some studies have observed that increased apoptotic activity is linked with increased proliferation in cancer. [27, 28] This phenomenon, which could be due to aberrant cell replication followed by programmed cell death in more rapidly growing tissue, could explain our results, which suggest that decreased apoptotic activity is an indicator of high-risk normal tissue only in the presence of low proliferative activity. This hypothesis will require further study. Figure 3 shows the luminal to basal cell ratio for the supernormal (normal glands from prostates without cancer) and normal (normal glands from prostates with cancer) compartments Figure 3 Figure 3 shows the luminal to basal cell ratio for the supernormal (normal glands from prostates without cancer) and normal (normal glands from prostates with cancer) compartments. Both markers showed a significantly higher luminal: basal ratio in the normal compartment.
Although activated or cleaved caspase 3 is an attractive candidate marker for apoptotic activity, data on its expression in the prostate are still relatively sparse. Winter et al., in their study on caspase 1 and caspase 3 in the prostate, found that caspase 3 expression was reduced in moderately-and poorly-differentiated prostatic tumors compared to well-differentiated carcinomas and normal prostate. [ Proliferation markers have been used to study field cancerization at other sites. In their study on hamster cheek pouch carcinogenesis model, Raimondi et al. found that ploidy values and 5-bromo-2-deoxiuridine (BrdU) were higher in carcinogen-exposed epithelia with no unusual microscopic features when compared to control epithelia. [51] Similarly, Barsky et al. found that Ki67 indices in normal bronchial mucosa of smokers were higher than that of non-smokers. [52] We are not aware of previous reports on the use of caspase 3 or any other apoptotic marker for the evaluation of field effects.
In summary, we demonstrate that biomarkers identifying key cellular events like proliferation and apoptosis are altered not only in preneoplastic lesions but also in apparently normal-looking epithelium. Data obtained from normal tissues adjoining a prostate cancer focus need to be interpreted in the light of the fact that these tissues are subject to field effects. We conclude that Mcm-2 could be superior to Ki67 for detection of subtle field effects, and that activated caspase-3 shows some promise as an indicator of high-risk normal tissue. The implication, however, that normal areas immediately adjacent to cancer might have increases in both proliferation and apoptosis compared to distant areas suggests that the balance between these two processes rather than their absolute levels could be important or, to state it differently, the significance of the level of apoptosis in an area depends on the level of proliferation, and vice-versa. Future plans call for implementation of a multivariate model comprised of various biomarkers and clinical variables to predict outcomes following negative biopsies in a larger study set.
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